The texture development and microstructural evolution have been investigated for the AZ31 alloys rolled by cross-roll rolling at 823 K. After the AZ31 magnesium sheets were rolled by cross-roll rolling at 823 K, the total reduction in thickness of 65% were achieved after two pass rolling. The resultant microstructures are homogeneous and refined for the surface and center layers. The (0002) basal texture is significantly weakened after annealing at 623 K for 1 h for the cross-roll rolled sheets.
Introduction
The structural applications of magnesium alloys are promising structural light materials due to their high specific strength and so on. 1) However, due to the nature of the hexagonal close-packed (HCP) structure and low strength of the Mg alloys, various efforts have been required in order to identify and increase strength and ductility via new alloy design and thermo-mechanical process. The addition of alloying elements including rare-earth metal (RE) and lithium (Li) is another effective method for enhancing formability. 2, 3) The alloying elements may enhance the activity of non-basal slip systems, contributing to a weakening of basal texture and/or rotation of basal pole. 4, 5) Furthermore, larger additions of Li even lead to a change in crystal structure from HCP to body-centered cubic structure.
3) However, the addition of the expensive elements on magnesium alloys substantially increases material cost. For the latter approach, it has been reported that the application of novel rolling processes such as cross rolling and different speed rolling can effectively bias the orientation of the basal plane in the rolling plane, and can enhance the press formability, compared with conventional rolling flat process. 6, 7) Recently, in addition to the development of novel rolling process techniques, it has been reported that high temperature rolling has an effect on weakening of basal texture due to enhances non-basal slips and grain boundary sliding as well as restricts twinning activity during rolling. 8, 9) It has been well known that the properties of Mg alloys such as ductility and texture will depend on the rolling conditions, such as the rolling temperature and reduction ratio. Many studies have been conducted on Mg alloys using these contents, but there have been few studies on the microstructure, texture and deformation behavior by cross-roll rolling for surface and center layers of the sheet. 10, 11) In the present study, the samples were rolled by two pass rolling with the cross-roll rolling mill in order to be affected only by the shear strain for the surface and center layers of the sheets. The microstructures and texture evolution of the specimen for the surface and center layers of the sheet were investigated using optical microscopy (OM) and electron backscatter diffraction (EBSD) before and after heat treatment.
Experimental Procedures
The initial specimen size of the sheet was about 70 mm long, 70 mm wide and 4 mm thick. The initial sample was heated to 823 K, and followingly the sample was hot-rolled using a cross-roll rolling mill with a roll diameter of 160 mm and a roll speed of 2 m/min where the roll axis was tilted by 5 against TD in the RD-TD plane. 10, 11) In the first stage, the specimens were hot rolled from 4 to 1.5 mm by cross-roll rolling with 35% reduction per pass. Then, the sheet was subsequently warm-rolled from 1.5 to 0.85 mm by a single pass rolling at 498 K. The microstructures of the rolled samples were examined by optical microscopy. The average grain sizes were measured by SEM/EBSD. In order to determine the texture variation through the thickness, X-ray texture measurements were performed on two different layers of each sample. Figure 1 shows the microstructures of the rolled specimens: (a) surface and (b) center layers of the sheet rolled at 823 K by 65% reduction and (c) surface and (d) center layers of the sheet subsequently warm-rolled at 498 K by 45% reduction ratio. The specimens are composed of fine grains and large elongated grains along the rolling direction (RD). Also for the specimens rolled at 823 K and subsequent warmrolled at 498 K, extensive twinning and deformed grains are observed. The surface and center layers of the as-rolled specimens exhibit a similar microstructure. The surface layer and center layers of subsequently warm-rolled specimens also display a similar microstructure. This is attributed that shear deformation is generated in the thickness from combination of roll force and thrust force during large reduction rolling process in the cross-roll rolling, whilst in the conventional flat rolling, the frictional shear deformation on the surface of the rolled sheet and the plane-strain compression deformation in the mid-plane are usually introduced at the elevated temperature. 10, 11) At the same time, the trace of shear banding due to flow localization is not clearly identified, indicating that a rather homogeneous deformation might occur during the dynamic recrystallization (DRX), while it has been documented that DRX occurs relatively easily in shear bands and small recrystallized grains can be observed in shear bands for pure Mg sheet rolled even at room temperature. 12) Figure 2 shows the inverse pole figures map (IPF) after annealed at 623 K for 1 h: (a) initial specimen; (b), (c) hotrolled by 65% reduction; (d), (e) hot-rolled by 65% reduction, followed by 45% reduction warm rolling ((b), (d) surface layers; (c), (e) center layers). As shown in the inverse pole figures map, the grains are almost randomly oriented at both surface and center layers. The results show that random textures can be obtained by cross-roll rolling at high temperature. And Fig. 3 shows the distributions of the grains sizes and plots of misorientation angles. For the specimen annealed at 623 K for 1 h, equi-axed grains, whose sizes are 6 mm and 7 mm respectively, are observed and the fraction of low angle grain boundaries (LAGB) also decreases, which indicates it is the initial stage of static recrystallization (SRX). 13) Figure 3 shows that the average grain size of specimens is reduced after cross-roll rolling and annealing. It is probable that the grain refinement is due to the recrystallization of the mechanical twins which are formed by warmrolling during annealing. Also, the average grain sizes of surface and center layers are similar, implying that the applied stress might be relatively homogeneous during crossroll rolling. Table 1 shows the average grain sizes obtained from EBSD measurements. Figure 4 shows the (0002) pole figures of the rolled specimens before annealing (a) initial specimen; (b), (c) hotrolled by 65% reduction; (d), (e) hot-rolled by 65% reduction, followed by 45% reduction warm rolling ((b), (d) surface layers; (c), (e) center layers). The as-rolled sheets exhibit basal poles inclined at 2 5 toward the RD due to the unidirectional shear deformation throughout the sheet thickness. Compared with the hot-rolled sheet, the subsequently warmrolled sheet exhibits a higher basal texture intensity (5.7 vs. 6.9 -surface layers and 6.4 vs. 8 -center layers), which can be attributed to the effect of high temperature rolling, as observed in the AZ61 alloy. 12) In addition, it is observed that the uniform (0002) basal texture is obtained on both the surface and center layers of the sheet, indicating that uniform deformation is applied during cross-roll rolling deformation. Figure 5 shows the (0002) pole figures of the rolled specimens after annealing at 623 K for 1 h: (a) initial specimen; (b), (c) hot-rolled by 65% reduction; (d), (e) hotrolled by 65% reduction, followed by 45% reduction warm rolling ((b), (d) surface layers; (c), (e) center layers). The intensities of (0002) are weakened after annealing in the Fig. 3 The distributions of (a) the grain sizes and (b) the misorientation angles of the rolled specimens after annealing at 623 K for 1 h (HR: hot-rolled sample, WR: warm-rolled sample). hot-rolled and subsequently warm-rolled specimens. It is probable that this results from the recrystallization of the mechanical twinning during the annealing. Figure 6 shows the volume fraction of the crystal orientation for (0002)½11 2 20 on the surface and center layers by rolling conditions after annealing 632 K for 1 h: (a) initial specimen; (b), (c) hot-rolled by 65% reduction; (d), (e) hotrolled by 65% reduction, followed by 45% reduction warm rolling ((b), (d) surface layers; (c), (e) center layers). The (0002) textures are weakened after annealing for hot-rolled and subsequently warm-rolled specimens, showing the volume fraction of the crystal orientation for (0002) is also decreased. It is probable that the decrease in the volume fraction of the crystal orientation for (0002) is due to the grain refinement and the DRX grains produced by the high plastic energy, which correspond with the microstructures and pole figure intensities of (0002) in Figs. 2 and 5. Table 2 shows the volume fraction of grains oriented for (0002) pole after annealing.
Results and Discussion
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Conclusions
In summary, the texture development and microstructure evolution of the cross-roll rolled AZ31 magnesium sheet were investigated, and the following conclusions can be drawn from this study:
(1) The microstructures are homogeneous and refined for both surface and center layers, when AZ31 magnesium sheets were under cross-roll rolling. Also, the (0002) basal texture dramatically is weakened after annealing at 623 K for 1 h.
(2) The textures of (0002) of the surface and center layers have the similar pole intensities after cross-roll rolling process. 
